Towse TF, Slade JM, Ambrose JA, DeLano MC, Meyer RA. Quantitative analysis of the postcontractile blood-oxygenation-level-dependent (BOLD) effect in skeletal muscle. J Appl Physiol 111: 27-39, 2011. First published February 17, 2011 doi:10.1152/japplphysiol.01054.2009.-Previous studies show that transient increases in both blood flow and magnetic resonance image signal intensity (SI) occur in human muscle after brief, single contractions, and that the SI increases are threefold larger in physically active compared with sedentary subjects. This study examined the relationship between these transient changes by measuring anterior tibial artery flow (Doppler ultrasound), anterior muscle SI (3T, one-shot echo-planar images, TR/TE ϭ 1,000/35), and muscle blood volume and hemoglobin saturation [near-infrared spectroscopy (NIRS)] in the same subjects after 1-s-duration maximum isometric ankle dorsiflexion contractions. Arterial flow increased to a peak 5.9 Ϯ 0.7-fold above rest (SE, n ϭ 11, range 2.6 -10.2) within 7 s and muscle SI increased to a peak 2.7 Ϯ 0.6% (range 0.0 -6.0%) above rest within 12 s after the contractions. The peak postcontractile SI change was significantly correlated with both peak postcontractile flow (r ϭ 0.61, n ϭ 11) and with subject activity level (r ϭ 0.63, n ϭ 10) estimated from 7-day accelerometer recordings. In a subset of 7 subjects in which NIRS data acquisition was successful, the peak magnitude of the postcontractile SI change agreed well with SI calculated from the NIRS blood volume and saturation changes (r ϭ 0.80, slope ϭ 1.02, intercept ϭ 0.16), confirming the blood-oxygenation-level-dependent (BOLD) mechanism underlying the SI change. The magnitudes of postcontractile changes in blood saturation and SI were reproduced by a simple one-compartment muscle vascular model that incorporated the observed pattern of postcontractile flow, and which assumed muscle O2 consumption peaks within 2 s after a brief contraction. The results show that muscle postcontractile BOLD SI changes depend critically on the balance between O2 delivery and O2 consumption, both of which can be altered by chronic physical activity. blood flow; exercise; magnetic resonance imaging THE BLOOD-OXYGENATION-LEVEL-DEPENDENT (BOLD) effect refers to the dependence of tissue signal intensity (SI) in T 2 -weighted functional magnetic resonance images (MRI) on the tissue's hemoglobin saturation and blood volume (15, 31, 40) . In brain studies increased MRI SI due to the BOLD effect is now commonly exploited to map the location and extent of neural activity noninvasively and in real-time in response to a variety of stimuli. BOLD contrast in these studies is not a direct measure of neural activity per se, but depends on increased blood flow and oxygenation spatially and temporally correlated with the neural activity. Of course, coupling between cellular activity and blood flow is not exclusive to the brain. Skeletal muscle and other tissues also undergo changes in flow and oxygen consumption as part of their normal physiological function, the pattern of which may be altered by pathology or in response to habitual physical activity (5, 11, 58) .
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BOLD effects were previously demonstrated in skeletal muscle, and the magnitude and time course of these effects were clearly related to changes in hemoglobin saturation (31, 32, 40) . For example, a robust postcontractile BOLD-based increase in MRI signal can be detected in skeletal muscle following single, very brief 1-s-duration contractions (40) . This may come as somewhat of a surprise given the transient nature of the contraction; however, previous studies show that blood flow can increase by as much as sixfold after a single brief muscle contraction (6, 63) . This postcontractile flow increase is an order of magnitude greater than the local blood flow increases typically reported in brain functional MRI studies (9, 10) . The underlying mechanism for the postcontractile flow increase is not fully understood, but is thought to result from a combination of factors including the muscle pump, i.e., contraction-induced widening of the arterial-venous pressure gradient (29, 30, 64) , the myogenic effect, i.e., vascular smooth muscle relaxation induced by a change in transmural pressure (14, 43) , and a host of vasodilators, including K ϩ (12, 13, 21 ). Previously we reported that the magnitude of the postcontractile BOLD response is threefold greater in active vs. sedentary individuals (61) . The reason for this difference may be one of the many well-established adaptations to the peripheral vasculature that result from habitual physical activity (7, 28, 38, 66) , and that could increase the flow response to a brief contraction. These adaptations include increased collateral blood flow (67, 68) , increased microvascular density (7, 24) , and increased contraction-induced dilation of the microvasculature (28) . Although activity-dependent differences in the flow response to single brief contractions have not been reported, training has been shown to increase the "on-response" (58) of blood flow to exercise and the initial flow response to repeated contractions is greater in trained vs. sedentary controls (33) . The "on-response" is the blood flow increase measured in the first few seconds of exercise and the factors that control this response may be similar to those involved for brief contractions (12) .
Therefore, the purposes of this study were 1) to compare the postcontractile blood flow responses in muscle of habitually active vs. inactive subjects, 2) to determine if the magnitude of the MRI-measured postcontractile BOLD response is quantitatively explained by the magnitude and time course of changes in blood volume and hemoglobin saturation measured by near-infrared spectroscopy (NIRS) across the range of subject activity levels, and 3) to examine using a simple model whether the postcontractile flow response and estimates of postcontractile oxygen consumption together explain the observed blood volume and saturation changes, and hence the MRI-measured BOLD response.
METHODS
Subjects. Eleven subjects [3 women, age 24.5 Ϯ 5.6 (SD) yr] participated in the study. The study was approved by the University's Committee on Research Involving Human Subjects, and all subjects gave informed, written consent. A pretest screening, including a magnetic material safety questionnaire and a medical history questionnaire, were completed by all subjects prior to enrollment. All subjects were apparently healthy and with no family history of cardiovascular disease and no musculoskeletal disorder that would preclude participation. Subjects were selected to cover a range of self-reported physical activity levels, ranging from sedentary (no regular exercise program) to very active (Ͼ6 h/wk of intense aerobic training).
General methods. Subjects reported to the laboratory for testing on two separate occasions, one day for Doppler flow and NIRS testing and a second day for MRI testing. The testing days, either Doppler and NIRS or MRI, were randomized to avoid an order effect. Testing was scheduled at approximately the same time of day (Ϯ1 h) and at least 1 wk apart. To limit the potential effects of food or caffeine on blood flow subjects reported to the laboratory following an overnight fast. Subjects were asked to refrain from taking any medications including over the counter medications on the mornings of testing. In addition subjects were asked to refrain from any intense physical activity for at least 24 h prior to their visits. Compliance with pretest criteria was determined by a questionnaire. In the event that pretest criteria were not met the subject was rescheduled for a later date. All women were tested in the early follicular phase of the menstrual cycle, within 4 days of the end of their most recent menses.
Blood pressure was measured in the brachial artery using a standard arm blood pressure cuff and a sphygmomanometer. Ankle blood pressure was measured in the posterior tibial artery using a portable handheld ultrasound device and a leg blood pressure cuff positioned around the calf. Blood pressure was measured in duplicate and the highest value for systolic blood pressure in the brachial and posterior tibial artery was used to calculate the ankle brachial index (ABI, ratio of ankle systolic blood pressure to brachial blood pressure). An ABI of Ͻ1.0 is a indicator of compromised peripheral vascular function (37) .
Physical activity levels of 10 of the 11 subjects were confirmed using a physical activity accelerometer (Model GT1M, ActiGraph, LLC. Pensacola, FL). The accelerometer measures changes in acceleration in an intensity-dependent manor at 30 samples/s and records the accelerations as counts which are summed and stored over user defined time periods. The counts recorded by the accelerometer are highly correlated with independent measures of metabolic rate in both laboratory settings and a free-living environment (50) . Subjects wore the physical activity monitor on a belt around their waist during all waking hours for 7 days. Total accumulated counts were averaged over the total days the subjects wore the monitors and this value is reported as average counts/day.
Doppler blood flow. Subjects lay quietly on a patient table in a supine position with arms folded across their chest and with both legs extended. Subjects rested quietly in this position for 15 min prior to data collection. The subjects' right leg was positioned at approximately heart level, supported by foam pads and secured in place using nylon straps. The subject's right foot was placed in a custom-built foot device for measuring the force of isometric ankle dorsiflexion. The footplate of the device was fixed at an angle of 120°, and the foot was strapped to the footplate using a nylon strap with Velcro closures. A strain-gauge force transducer (Interface, model SSM-EV-250, Scottsdale, AZ) was mounted to the underside of the footplate and force during the isometric exercise was digitized (DATAQ Instruments, model DI-195B, Akron, OH), sampled at 120 Hz, and recorded on a personal computer.
Prior to data collection each subject performed a series of practice contractions and the highest force recorded during the practice contractions was used as the subject's maximal voluntary contraction (MVC). To ensure consistent contraction intensity and duration, visual feedback of force was provided to each subject by a computer monitor and target force was indicated by a red line bisecting the screen at the appropriate force level. To allow for sufficient recovery of blood flow to preexercise levels a 10-min rest period followed the practice contractions.
During the exercise protocol each subject performed 1-s-duration maximal isometric ankle dorsiflexion contractions at 60-to 80-s intervals. Subjects were instructed to perform the contractions at maximal effort and to exhale during the contraction to avoid performing a Valsalva maneuver. Blood flow was measured continuously in the anterior tibial artery (ATA), 2-3 cm distal to the head of the fibula, using a duplex Doppler ultrasound scanner (LOGIQ Book, GE Medical Systems, Milwaukee, WI) mounted with an 8-MHz linear probe (Model 8L-RS). The sampling depth and gate width were optimized to sample the vessel along a 1-to 2-cm length during the data acquisition. The probe was held securely in place at an insonation angle of 60°or less, and was angle corrected to 60°. Data were acquired and stored for data processing in cinematic loops of 30-to 60-s duration, and were analyzed using the GE software available on the LOGIQ Book system.
Prior to the exercise high-resolution B-mode images were acquired to measure the resting diameter of the ATA. All diameter measurements were made during diastole by the same investigator. In a subset of subjects the ATA diameter was measured in 10 images before and 10 images after the exercise. In these subjects resting ATA diameter was not significantly different from postexercise diameter; therefore for all subjects the preexercise value was used to calculate blood flow. ATA blood flow (BF) in milliliters per minute was calculated by multiplying the cross-sectional area (CSA) of the ATA by the mean blood velocity over the duration of the pulse-waveform (time average mean, TAMEAN) according to the following equation:
Flow was normalized to anterior compartment muscle volume, estimated for each individual from MR images (see below), and is reported as milliliters per minutes per 100 ml muscle. To average data from subjects with different heart rates, and therefore different sampling intervals, results for each subject were linearly interpolated to 1-s intervals. Near infrared spectroscopy. NIRS data were acquired simultaneously with the Doppler measures of blood velocity using a LEDI NIRS imager (Near Infrared Monitoring, Philadelphia PA). This device has two separate probes of the following dimensions, 11.5 ϫ 7 ϫ 2 cm. Each probe has 6 detectors and 2 light sources with a detector-light source separation of 3 cm. The system measures absorption of light at two different wave lengths, 730 and 850 nm, and provides relative measures of oxyhemoglobin (HbO 2), deoxyhemoglobin (Hb), and blood volume (BV, sum of HbO2 ϩ Hb). The NIRS device gain was standardized prior to each data collection using a muscle tissue phantom provided by NIM. The probes were positioned, one on each leg (left leg as a control), over the belly of the anterior compartment muscles, primarily the anterior tibialis muscle. In the case of the right leg the probe was positioned just distal to the site of flow measurement, and lateral to the anterior border of the tibia. Each probe was secured to the leg using an ACE bandage wrapped firmly enough around the leg to prevent movement and pollution by ambient light during the exercise, however not so tight as to compromise blood flow. NIRS data were acquired continuously during the protocol, sampled at 3 Hz, and stored on a personnel computer for postprocessing.
NIRS data were analyzed using the LEDI imager analyzer program. To calibrate the recorded, relative NIRS signals an ischemia-reactive hyperemia protocol was performed immediately following the exercise (36) . A large contoured vascular cuff (model CC22 24 ϫ 122.5 cm, Hokanson, Bellevue, WA) was placed around the thigh just proximal to the knee joint. During the ischemia protocol the cuff was rapidly inflated to 240 mmHg using a rapid cuff inflator (Model E20; Hokanson, model 666). This pressure was maintained for 5-6 min, at which time the cuff was released to obtain peak reperfusion values.
The changes in HbO 2 and Hb during the exercise were expressed as a percentage of the maximum changes in HbO2 and Hb observed during the ischemia (assumed to fully desaturate all the heme groups), and reactive hyperemia (assumed to fully saturate the heme groups) (36) . Percent saturation of hemoglobin during exercise was calculated from Saturation ͑%͒ ϭ 100 ϫ ͑HbO2 Ϫ 0.4͒ ⁄ ͑HbO2 Ϫ 0.4 ϩ Hb͒ where the constant (0.4) accounts for the contribution of myoglobin heme groups to the HbO 2 signal. This correction assumes that myoglobin is fully saturated in resting muscle (31, 53) and therefore during the postcontractile transients, when PO2 is further increased, and that 40% of the maximum HbO2 signal recorded during ischemiareperfusion is due to myoglobin. [Human muscle contains ϳ0.2 mM heme groups from myoglobin (16) and ϳ0.3 mM from hemoglobin, assuming 3% blood volume and 15 g/dl hemoglobin in blood]. For BV a resting value of 3% was assumed and the changes during exercise were normalized relative to this value (42, 51, 52) .
MRI measurements. On a separate day, at least 1 wk apart from the flow and NIRS testing day, and at approximately the same time of day (Ϯ1 h), subjects reported to the MRI center. All MR images were acquired using a standard quadrature extremity coil on a 3.0-T GE Horizon system (GE Medical Systems, Milwaukee, WI). Subjects were fitted with a four-lead ECG used to monitor heart rate and to gate the acquisition of phase-contrast flow images (61) for measurement of resting ATA flow. The leg was positioned in the imaging coil such that the same portion of the right leg that was under the NIRS probe was contained within the imaging coil. In the case of individuals that performed the MRI testing first the maximal CSA of the ankle dorsiflexors, as determined by visual inspection, was positioned in the center of the coil. Soft foam positioners were placed in the coil and around the leg to minimize motion of the leg during the exercise. The same foot device was used for both protocols and the foot was positioned in the device as described above.
A set of axial gradient-recalled-echo time-of-flight (TOF) flow images was acquired to identify a suitable axial/oblique plane for resting ATA flow measurements, as described previously (61) . Based on these images, an oblique slice was selected which transected the anterior and posterior tibial arteries 1-3 cm below their bifurcation from the popliteal artery. Flow velocity images (TR 18 ms, TE 6 ms, 20°pulse, 1-cm slice thickness, 14-cm FOV, 256 ϫ 160 acquisition matrix, 1 NEX, 100 cm/s VENC) of the selected slices were acquired in retrospectively ECG-gated CINE mode as described previously (61) . Retrospective gating of the data acquired over 128 heart beats (total acquisition time 2-4 min, depending on the subject's heart rate) yielded 32 cardiac-gated flow-velocity and magnitude images. Flow (ml/min) was calculated by integrating velocity (cm/s) across the area (cm 2 ) of ATA as described previously (61) . Mean flow in the ATA was then calculated from the mean across all 32 images. Flow images were acquired at rest, just prior to the exercise protocol.
The largest CSA of the ankle dorsiflexor muscles was located from a series of T 1-weighted [3-plane, TR 500 ms, TE 1.32 ms, 22-cm FOV, 5-mm slice thickness, 7 slices per plane, 256 ϫ 160 acquisition matrix, 1 NEX] and T2-weighted (axial fast spin echo, TR 500 ms, TE 12.3 ms, echo train length 4, 256 ϫ 256 acquisition matrix, 18-cm FOV, 1-cm slice, 1 cm slice separation, 1 NEX) images. Muscle volume was estimated from the T 2-weighted images. The CSA of anterior compartment muscle in each slice was measured and multiplied by the slice thickness to obtain muscle volume for that slice. The volume of the muscle between slices was estimated by linear interpolating the CSA from the two adjacent slices and multiplying this value by the slice spacing. Total muscle volume was calculated by adding the volume of each slice over the entire length of the muscle. In cases where the images did not extend over the whole length of an individual's muscle, the additional volume was estimated assuming a linear tapering of the muscle to the externally measured length of the anterior compartment.
One-shot gradient-recalled echo-planar images (TR 1000 ms, TE 35 ms, 60°pulse, 16-cm FOV, 1-cm slice thickness, 62.5-kHz bandwidth, 64 ϫ 64 acquisition matrix) were acquired from a single axial slice transecting the largest CSA of the ankle dorsiflexor muscles. Echo planar images were acquired continuously for 7 min, during which time subjects performed a single, 1-s isometric MVC ankle dorsiflexion every 60 s (total of 6 contractions). Signal intensity (SI) in a fixed region-of -interest in the anterior muscle was measured across all images, and the peak percent change in SI after contraction was computed from the average of the postcontractile responses as described previously (61) .
Calculations and modeling. The effects of blood volume and blood saturation on muscle signal intensity were calculated as follows. The intravascular BOLD effect was estimated from the oxygen saturation dependence of blood R 2* at 3.0 T, as reported by Zhao et al. (69):
where Y is the fractional oxygen saturation. The intravascular BOLD effect depends on the relative relaxation rates of blood vs. muscle according to
where SI is the total MR signal and BV is the fractional blood volume. For this calculation, TE was 35 ms, and muscle R 2* was assumed to be constant at 38 s Ϫ1 at 3.0 T (40). The potential contribution of the extravascular BOLD effect was estimated using the parallel vessel model as described previously (26, 40) . In brief, the microvasculature was modeled as a rectangular array of parallel cylindrical vessels with a base diameter of 5 m, spaced initially at 25.6 m (for a vascular volume of 3%), and at an angle of 15 degrees relative to the main field (27) . As before (40) , the assumed mean diffusion coefficient of extravascular spins was 2 ϫ 10 Ϫ5 cm 2 /s and the susceptibility difference between tissue and fully deoxygenated blood was assumed to be 8 ϫ 10 Ϫ2 ppm. The simulation was run for 30,000 spins randomly distributed in the extracellular volume, and phase accumulation was followed to an echo time of 35 ms, and for blood saturation values ranging from 0 to 100%. The simulation was repeated with the vascular volume varied from 2.5 to 6% either by decreasing the spacing between vessels or by increasing the volume of the vessels. Results of both intravascular and extravascular calculations were normalized to the calculated values of muscle SI at 50% saturation and 3% blood volume.
To explore the effects of blood flow and oxygen consumption changes on muscle postcontractile BOLD response, a dynamic model of muscle oxygen delivery, consumption, and efflux was developed using Stella software (ISEE systems, Lebanon, NH). In this model input time courses of arterial blood flow and muscle oxygen consumption were used to calculate the time course and magnitude of changes in blood saturation and blood volume, and from these the time course and magnitude of the BOLD effect. The model assumed a single, well-mixed vascular chamber within the muscle, and delays in the development of blood volume and saturation changes due to vascular transit time were implemented by applying simple smoothing functions. Further details of the model are provided in APPENDIX. Statistics. Comparisons between the calculated and measured values for the peak muscle BOLD, resting vs. peak blood flow, blood volume and %hemoglobin saturation changes were made using a paired t-test. Correlations between various parameters were made by linear regression. The level of significance was set at P Ͻ 0.05.
RESULTS
The subjects were college age with normal blood pressure and ABI Ͼ 1.0 (Table 1) . These subjects were recruited to cover a wide range of physical activity levels, and this was confirmed in 10 of the 11 subjects by the wide range in accelerometer counts (from 118 ϫ 10 3 to 1157 ϫ 10 3 counts/ day) recorded during the 7-day monitoring.
Postcontractile flow vs. activity level and the MRI SI response. Figure 1 shows an example Doppler ultrasound recording of blood flow velocity in the anterior tibial artery of a subject before and after a single 1-s-duration ankle dorsiflexion MVC. Following the contraction (indicated by the yellow arrow), there was a large increase in flow that peaked 5 cardiac cycles after the contraction. Noticeably, the retrograde flow was absent following the contraction as blood flow greatly increased during both systole and diastole. These changes are comparable to those reported by others in the brachial artery after short contractions of forearm muscles (6, 63) . Figure 2 shows the mean time course of anterior tibial artery blood flow in response to 1-s MVCs in all 11 subjects. Peak flow was elevated by 5.9 Ϯ 0.7 fold (SE, n ϭ 11, range 2.6 -10.2) above rest, and occurred between the 4th and 7th heartbeat after contraction in all subjects, i.e., an average of 6 s after the contraction. After this rapid response, there was a more modest, slowly developing, secondary phase of flow increase which peaked 40 -50 s after the contraction. Figure 3 shows the relationship between physical activity of the subjects, as estimated from the 7 day activity monitor recordings, vs. the peak postcontractile flow change. Two subjects (open circles in Fig. 3 ) with a large flow response reported relatively low physical activity. One of these subjects had been a competitive soccer player for several years, but had recently stopped participating in the sport. Thus, even assuming good subject compliance, 7 days of activity monitoring does not always accurately reflect a subject's prior chronic physical activity level. Including both these subjects, the correlation coefficient between peak post contractile flow change and physical activity level was not significant (r ϭ 0.46, P ϭ 0.18). However, excluding these two anomalous subjects, the correlation rose to 0.97 (P Ͻ 0.001). Inasmuch as no subject had a high reported activity level but a low flow response, we conclude that the postcontractile flow response, like the postcontractile SI response (61) , is greater in more physically active than in sedentary subjects. Figure 4 shows example images and the SI changes in anterior tibial muscle of a subject during a sequence of 1-sduration isometric MVC performed at 1-min intervals. The mean peak postcontractile SI was 2.73 Ϯ 0.59% (SE, n ϭ 11). Values are means SD; n ϭ 11 subjects (3 women), except where noted; ABI, ankle brachial index. SBP, systolic blood pressure; DBP, diastolic blood pressure; CSA, cross-sectional area; MVC, maximal voluntary contraction. As expected from our previous study (61) , there was a significant correlation between subject activity level and the peak magnitude of the postcontractile SI response (r ϭ 0.63, n ϭ 10, P ϭ 0.05). Figure 5 shows the relationship between the peak postcontractile flow vs. the peak magnitude of the MRI SI response in the same subjects. Although statistically significant (P ϭ 0.048), the relationship is not strong (r 2 ϭ 0.37), indicating that other factors besides the postcontractile flow increase are important in determining the MRI response. Thus, as also argued by others (17) , BOLD measurements in skeletal muscle are not simply a surrogate for blood flow measurements.
Postcontractile blood volume and hemoglobin saturation vs. MRI SI response. We next examined if postcontractile changes in hemoglobin saturation and blood volume quantitatively explain the magnitude of the MRI SI response, irrespective of the flow response. Figure 6 shows representative data from the NIRS device acquired during a sequence of three 1-s-duration contractions performed at 80-s intervals. The postcontractile changes in Hb, HbO 2 , and BV occur over multiple phases. There is an initial increase in all three that evolves over a slightly different time course for each. The small initial increase in Hb (black solid line) peaks at ϳ2 s while both the Unfortunately, NIRS acquisitions were not successful in 4 of the 11 subjects (2 women) due to inadequate penetration of light through the skin and subcutaneous fat. Table 2 shows the mean resting and peak postcontractile increases in blood flow, blood volume, hemoglobin saturation, and MRI SI in response to single 1-s-duration MVCs for the 7 subjects for whom all modalities are available. Resting blood flow measured by Doppler ultrasound was not significantly different than resting blood flow measured by CINE-PC MR angiography in these same seven subjects (3.77 Ϯ 0.5 vs. 5.06 Ϯ 0.9 ml·min Ϫ1 ·100 ml muscle Ϫ1 , SE, P ϭ 0.38). Figure 7 shows the theoretical dependence of MRI SI on blood volume and saturation for both the intravascular and extravascular BOLD effects, computed as described in METH-ODS. It is apparent from these calculations that, assuming a fiber angle of 15 degrees relative to the main field for the anterior tibial muscle (27) , the contribution of the extravascular effect is minor compared with the intravascular effect over the range considered. Therefore, in the following calculations of BOLD responses from NIRS-measured blood volume and saturation changes, the minor extravascular contribution is ignored. Figure 8 shows the time course of changes in blood volume and saturation (top panel), and MRI-measured SI (bottom panel, open symbols) after single contractions in the most highly active subject studied (115 ϫ 10 3 counts/day, peak flow response 10.2-fold above rest). Also shown in the bottom panel is the mean time course of the MRI SI response calculated from the blood volume and saturation time courses from the same subject. The agreement between the calculated MRI response and the response actually measured by MRI is close, both with respect the peak magnitudes (calculated 105.9% vs. observed 105.6%) and the decay rate (time from peak to half-peak amplitude 13 vs. 11 s). The time course of the MRI response clearly depends on the time courses of both the blood volume and the saturation changes. For example, both the calculated and measured MRI time course peak after the peak in volume but before the peak in saturation. Figure 9 shows the comparison between calculated vs. MRI-measured BOLD responses in 3 other subjects: a moder- Values are means Ϯ SE ; n ϭ 7. Blood volume as rest was assumed to be 3% for all subjects, and MRI data are normalized to the signal intensity (SI) at rest. NIRS, near-infrared spectroscopy. The increases in blood flow, blood volume, hemoglobin saturation, and MRI signal intensity from rest to peak post are all significant (P Ͻ 0.05). Fig. 7 . Intravascular (top) and extravascular (bottom) BOLD effects for gradient-echo images at echo time (TE) of 35 ms over a range of blood volumes and saturations, calculated as described in METHODS. SI is normalized relative to the value at baseline conditions of 50% hemoglobin saturation and a 3% blood volume (black dot locations on the surfaces). For the extravascular calculation, blood volume was increased by adding more vessels. Increasing blood volume by increasing vessel size had even smaller extravascular effects on calculated SI. ately active subject (subject A, 600 ϫ 10 3 counts/day, peak flow 6.53-fold above resting) with a large BOLD response (top panel), in another moderately active subject (subject B, 660 ϫ 10 3 counts/day, peak flow 6.52-fold above rest) with a smaller BOLD response (middle), and in a sedentary subject (170 ϫ 10 3 counts/day, peak flow 2.7-fold above rest) with no positive response. In all three cases the calculated and MRI-measured changes have a comparable pattern, but these patterns differ greatly between subjects. In particular, as the peak SI change is diminished, this peak is preceded by a decrease in signal intensity below the precontraction baseline. In the most sedentary subject, the initial decrease in SI after the contraction is dominant, and no increase in SI above the baseline is observed. Including all seven subjects, a linear regression of MRImeasured vs. calculated peak SI magnitude was significant (r ϭ 0.80, P ϭ 0.03), with slope and intercept not significantly different from the line of identity (Fig. 10) . Thus changes in hemoglobin saturation and blood volume together quantitatively account for the magnitude of the postcontractile SI response across a wide range of individual responses, confirming that the BOLD mechanism underlies the SI changes. Finally, despite the marked differences in response between subjects, the MRI-measured SI response averaged across all seven subjects also agreed well with the averaged response calculated from the individual blood volume and saturation changes (Fig. 11) . tails). The model includes an idealized two-phase arterial flow response similar to the measured mean arterial flow waveform ( Fig. 2 and Fig. 11, top) . Blood volume was assumed to vary in proportion to arterial flow after a delay as observed above (e.g., Fig. 11 ). The time course of muscle oxygen consumption was based on the observed rate of phosphcreatine (PCr) recovery in human ankle dorsiflexor muscle after similar brief contractions (59) . Figure 12 shows the input arterial flow (top panel), input oxygen consumption (second panel), and output blood volume, saturation (third panel), and MRI SI response (bottom panel) for the base model. Although the computed time courses do not perfectly match the observed group average result in Fig. 11 , the main characteristics are clearly reproduced by this relatively simple model. For example, in the base model blood saturation increases from a baseline of 51.8% to a peak of 79%, compared with the measured change from 51.6% to 73.2% (Table 2 ). There is an initial dip in the computed SI, followed by a peak at 103.8%, vs. the MRI-measured peak SI of 103.4%. Table 3 shows the sensitivity of the peak postcontractile SI magnitude of the base model shown in Fig. 12 to small (1%) variations in model parameters. These computations show that the first phase flow amplitude and time course, the O 2 cost of the contraction, and the time constant of recovery O 2 consumption are the key variables which determine the peak magnitude of the MRI response. Thus the exact results of the model depend critically on the balance between oxygen delivery and oxygen consumption. For example, Fig. 13 shows the effect of varying the magnitude of the first, fast phase of arterial flow increase after contraction on the computed SI. For these calculations, the ATP cost of contraction and rate of PCr recovery were held constant. Decreased flow amplifies the initial dip in SI, and decreases the magnitude of the peak SI change after the contraction. At the lowest input peak flow (12 ml·min Ϫ1 ·100 ml Ϫ1 , or 3.2 fold above resting flow), the positive BOLD effect is eliminated. On the other hand, at the highest peak flow (34.5 ml·min Ϫ1 ·100 ml Ϫ1 , or 9.1 fold above resting) the initial dip in SI is nearly eliminated (and would be obscured by the contraction artifact in the MRI data), and SI is near the maximum observed SI of 106% (e.g., Fig. 8 ). The opposite changes can be produced in the model by holding flow constant and varying the assumed ATP cost of the contraction, or the time constant of PCr recovery, and hence the peak postcontractile oxygen consumption. If peak oxygen consumption is decreased, the dip decreases and the amplitude of the SI peak increases. Thus individuals with similar postcontractile flows (e.g., subjects A and B in Fig. 9) , can have substantially different MRI-measured BOLD transients. Fig. 11 . Mean blood flow (top panel, data linearly interpolated to 1 Hz); blood volume () and %saturation (OE) (middle); and model-calculated () and measured (OE) muscle BOLD (bottom) for 7 subjects for whom ultrasound, NIRS, and MRI are all available. 
DISCUSSION
The main results of this study are 1) the magnitude of the postcontractile increase in blood flow following a single 1-s contraction is greater in physically active subjects, 2) there are two phases of the postcontractile flow response, an initial fast phase that peaks near 6 s after the contraction and a secondary phase that peaks at near 40 s, 3) blood volume and oxygenation changes together quantitatively explain the peak magnitude of postcontractile BOLD response, and 4) the larger postcontractile flow response in active subjects contributes to the larger BOLD response in these subjects, but the BOLD response also depends critically on the kinetics of oxygen consumption.
Although we are the first to report that the magnitude of the fast postcontractile flow response depends on physical activity, this finding should come as no surprise. Habitual physical activity results in adaptations to the peripheral vasculature at all sites along the vascular tree (29) . Chronic endurance training increases collateral blood flow (68) , and microvascular density including increased density of small arterioles (28) and capillaries (7) . In addition to these structural changes habitual physical activity improves the functional capacity of the peripheral vasculature. Training increases flow-mediated dilation and endothelium-independent dilation of small arteries (18, 34) , and improves contraction-induced dilation of small arterioles (28) .
Habitual physical activity has also been shown to alter the kinetics of blood flow during the transition from rest to work. As little as 10 days of cycle ergometer training is sufficient to increase both the initial rate of blood velocity and the amplitude of the blood velocity increase at 10 s, as measured in the femoral artery in response to a knee extension exercise (58) . Although in that study the initial kinetics (called the "onresponse") of blood velocity were altered with training, the steady state blood velocity did not change with training and was not different compared with the control group. Similarly, in rats a 5-wk treadmill training program resulted in greater initial (first 30 s) flow responses to exercise, but no differences in the maximal flow (33) . Conversely, the profound muscle disuse caused by spinal cord injury dramatically slows the initial kinetics of blood flow at the start of repetitive muscle stimulation, but has no effect on the steady-state flow (48). Thus the major muscle blood flow adaptation to regular use or training appears to be the speed of the initial flow response, rather than the flow achieved during steady-state exercise.
Dilation of the small arterioles and in particular the terminal arterioles regulates the blood flow response in the early stages of exercise and in response to a brief muscle contraction (2, 41, 47, 55, 57) . Arteriolar dilation precedes changes in blood flow in the feed arteries which are located external to the muscle and do not dilate in response to brief muscle contraction (6, 62, 64) . The control of blood flow by feed arteries may be greater during steady state exercise (56, 65) although there appear to be species differences (56) . Therefore the blood flow response to brief contractions represents a response controlled at the microvascular level, and may be used as an indicator of microvascular reactivity.
Although the anatomical location of flow control has been clearly defined, the underlying mechanism is still being debated (12, 62) . The increase in blood flow is likely due to a variety of mechanisms including the muscle pump, myogenic 
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response, and rapid vasodilation resulting from a contractioninduced increase in interstitial K ϩ . The muscle pump effect is a contraction-induced widening of the arterial-venous pressure gradient due to the emptying of the venous vasculature. Although the muscle pump has been shown to impact the magnitude of the postcontractile flow response, its contribution is relatively small, less than 20% to the overall blood flow response (64) . Based on the time course of the flow response in this study, as well as on the time course of the BOLD response, it is unlikely that the muscle pump makes a major contribution to the fast flow. The muscle pump effect would be greatest during the first 1-2 s postcontraction when the pressure gradient is largest, whereas the flow response measured in this (Fig.  2) and other studies (6, 30, 64 ) peaked at 6 s after the contraction. Furthermore the peak flow response, up to a 10-fold increase, is much larger than could be attributed solely to refilling of the muscle venous volume.
The initial flow response to a brief muscle contraction has been linked to both the myogenic response (14, 43) and K ϩ -induced vasodilation (12, 21) . The myogenic response refers to the mechanism by which the vascular smooth muscle tone is altered in response to a change in transmural pressure.
K
ϩ released during depolarization of the muscle membrane is thought to initiate vasodilation by hyperpolarizing the smooth muscle membrane and closing of voltage-gated calcium channels, resulting in relaxation (8, 25, 44, 46) . Changes in K ϩ concentration in the venous effluent following a contraction follow a time course similar to that of the flow response (44, 45) and the flow response is almost completely prevented when the preparation is pretreated with K ϩ channel blockers (2) or smooth muscle membrane potential is clamped to prevent hyperpolarization (21) .
Although the mechanisms for the initial phase of the flow response have been well studied, our data clearly show a secondary flow response that peaks near 40 s after the contraction. To our knowledge we are the first to report such a finding in humans. A biphasic contraction-induced vascular response has been shown previously in intact preparations of canine and rodent muscles (19, 35, 45) and in situ rodent preparations (3, 19) . Mohrman and Sparks (43) showed a biphasic change in vascular conductance with the initial response peaking at near 10 s and the second phase at 25-35 s. The authors attributed the first phase to K ϩ induced vasodilation and suggested the second phase was due entirely to low PO 2 as K ϩ was near baseline by 15 s (44) . A biphasic pattern of arteriolar dilation was also reported by Gorczynski and Duling (19) and the magnitude of the secondary dilation was significantly reduced when the preparation was superfused with elevated PO 2 . Our findings are consistent with a link between low tissue PO 2 and the secondary flow response. Deoxyhemoglobin reached a peak at near 40 s and the nadir of hemoglobin saturation was at approximately the same time point as the peak of the secondary flow response. This suggests an oxygen sensor or vasodilator linked to muscle oxidative metabolism. An attractive candidate is hemoglobin itself, which has been implicated in hypoxic vasodilation. Under conditions of low PO 2 during hemoglobin desaturation, hemoglobin is thought to increase NO bioactivity which can act as a potent vasodilator of the peripheral vasculature (1) .
Blood volume in this study increased by twofold after the contractions. This change in volume was not fully considered in our previous study (40) of the postcontractile BOLD response, largely because the NIRS device employed in that study was limited compared with the device used in this study. These new results, in combination with the modeling, support an important role for blood volume in determining the postcontractile BOLD effect, and are in line with the findings of Damon et al. (15) . However, it is important to note that the contribution of blood volume to the BOLD contrast is saturation dependent. If saturation remains at or below baseline values near 50%, an increase in blood volume results in a decrease in total muscle SI (see Fig. 7, top) . At higher saturations an increase in blood volume results in an increase in total SI. At near 45 s, when blood volume is near its secondary peak and saturation has returned to baseline, the BOLD signal is near or slightly below baseline. These dynamic relationships between blood flow, blood volume, and saturation can result in a poststimulus undershoot seen in some of our subjects, and in some brain functional MRI studies (9, 10) . In fact, the similarity between the magnitude and time course of our muscle BOLD and NIRS data and those of some brain functional studies is striking. This similarity in the response suggests Fig. 13 . Effect of variation in the peak of the first phase of the postcontractile increase in blood flow on the simulated SI change in muscle. The time course of muscle O2 consumption and other model parameters were the same as in the base model shown in Fig. 11 . These simulated flow variations (between 3-and 9-fold) result in simulated peak postcontractile muscle SI over the entire range observed in subjects (from 100 to 106%). common mechanisms coupling blood flow to activation in brain and skeletal muscle.
The dynamic model used in this study reproduces the main features of postcontractile changes in blood volume, saturation, and muscle BOLD, despite some obvious simplifications. For example, blood volume in our model assumes a delayed linear relationship between flow and volume. However, blood volume changes are more likely related to microvascular compliance and pressure than to flow per se. It would be more appropriate to model the flow relationship by incorporation of compliance of the capacitance vessels, similar to the balloon model proposed by Buxton et al. (10) . The use of a single well-mixed vascular compartment is also a major simplification. A more complete model would consider the incremental extraction of oxygen as blood travels through the capillaries, as well as the diffusion of oxygen within the muscle cells, and possible heterogeneity of perfusion rate and oxygen consumption across the muscle.
The success of our simple model depends critically on the assumed kinetics of O 2 consumption following the contraction. We implemented a fast increase in O 2 consumption after the contraction with a time constant of 0.5 s, such that peak O 2 consumption is reached within 2 s. This assumption is supported by many previous studies. For example, Territo et al. (60) showed that isolated mitochondria increase respiration rate to a new steady state in response to step changes in ADP or inorganic phosphate within 3 s. A recent NMR study of PCr kinetics shows that PCr recovery rate reaches a maximum with 3 s (the earliest time measured) after short MVC of human anterior tibial muscle (59) . Furthermore, studies of mouse muscle with genetic knockout of creatine kinase demonstrate that muscle O 2 consumption can increase very rapidly during short bursts of twitch contractions (54) .
In contrast, it has been argued that there is an inherent delay of up to 15 s in the activation of mitochondrial respiration in muscle. This delay is typically referred to as "metabolic inertia" and has been variously attributed to delayed activation of the pyruvate dehydrogenase, delayed supplementation of TCA cycle intermediates, or delayed diffusion of metabolites to and within mitochondria (4, 20) . In fact, the results of this study provide further evidence that there is no major "inertial" delay in the onset of muscle respiration after contractions. For example, had we used a much longer time constant for activation of respiration in our model (e.g., 7-15 s), blood saturation would rapidly increase in parallel with the fast phase of postcontractile blood flow, there would be no initial dip in the BOLD response, and the peak BOLD response would be higher, and would occur much earlier than the actual measured BOLD response.
The importance of postcontractile O 2 consumption kinetics in determining the BOLD response may explain why, although there is a relationship between peak postcontractile flow and the BOLD magnitude, the correlation is not strong (Fig. 5) . The time course of O 2 consumption is likely to vary between individuals, both because of individual variations in fiber type, which determines the ATP cost of contraction (22) , and because of variations in mitochondrial content, which determines PCr recovery rate (49) . Thus the muscle BOLD response is an integrated measure of at least three related but distinguishable aspects of an individual's muscle aerobic fitness: microvascular dynamics, fiber type, and mitochondrial content.
In summary, this study shows that physical activity influences the magnitude of the postcontractile flow response, and that this flow response has two distinct phases: a fast initial phase and a slower, secondary phase. The postcontractile muscle BOLD response can be quantitatively explained by changes in blood volume and saturation. These are ultimately determined by the balance between muscle blood flow and O 2 consumption.
APPENDIX
The dynamic model consisted of a single, well-mixed muscle vascular compartment with initial, resting volume equal to 3% of muscle volume. The time course of postcontractile arterial blood flow [F A(t)] was simulated by a two-phase idealized waveform mimicking the amplitude and shape of the measured flow changes: F A͑ t͒ ϭ F A rest ϩ A 1 ϫ t ϫ exp͑Ϫt ⁄ 1͒ ϩ A 2 ϫ sin͑͑ ⁄ 2͒ ϫ t ⁄ 2͒ , where A1 and 1 together determine the amplitude and shape of the larger, first phase of postcontractile flow, and A2 and 2 determine the amplitude and peak time of the smaller, secondary phase of postcontractile flow. Venous blood flow [F V(t)] was equal to arterial blood flow, minus the change in muscle blood volume, which was modeled as proportional to the change in arterial flow according to a simple linear function: d͑BV͒ ⁄ dt ϭ k ϫ d͑F A͒ ⁄ dt.
The resulting d(BV)/dt function was smoothed with an exponential averaging time of 1 s to mimic the observed delay between peak flow and blood volume changes, and the arbitrary constant k was selected to mimic the observed peak change in BV at the observed peak arterial flow rates ( Table 2) .
The modeled time course of muscle oxygen consumption was based on the following assumptions. First, the mean ATP cost of maximum voluntary contractions in human anterior tibial muscle in young adult subjects is 1.7 mM/s (59) . During the short contraction this ATP utilization is provided entirely by PCr depletion, which is resynthesized by mitochondrial ATP production after the contraction. Furthermore, PCr resynthesis rate after short contractions peaks within 2 s, and thereafter follows an exponential time course with an average time constant of 40 s (59). Therefore, ͑⌬PCr͒͑t͒ ϭ Ϫ1.7 ϫ exp͑Ϫt ⁄ 40͓͒1 Ϫ exp͑Ϫt ⁄ 0.5͔͒ where ⌬PCr is the change in PCr compared with the resting state. The last term prevents an instantaneous increase in PCr recovery rate after the contraction and is consistent with the observation that respiration in isolated mitochondria reaches a new steady state within less than 3 s after step changes in ADP and inorganic phosphate (60) . Assuming the contraction-induced recovery oxygen consumption depends on the rate of PCr recovery and recovery P/O 2 ratio ϭ 6 (23), the postcontraction oxygen consumption (Q O2, in mM/s) is therefore Q O 2͑ t͒ ϭ Q O 2rest ϩ1.7/͑6 ϫ 40͒ ϫ exp͑Ϫt ⁄ 40͒ ϫ ͓1 Ϫ exp͑Ϫt ⁄ 0.5͔͒.
Converting to milliliters O 2 per minute per 100 ml muscle:
V O 2͑ t͒͑ml O 2 · min Ϫ1 · ml muscle Ϫ1 ͒ ϭ 100 ϫ Q O 2͑ mM ⁄ s͒ ϫ ͑22.4ml O 2 ⁄ mmol͒ ϫ ͑60s ⁄ min͒ ⁄ ͑1,000ml ⁄ l͒.
O2 saturation was calculated from VO2M(t) according to the standard clinical formula, assuming 14 g Hb/100 ml blood: saturation͑%͒ ϭ 100 ϫ V O 2M͑ t͒ ⁄ ͑14 g Hb ϫ 1.34 ml O 2 ⁄ g Hb͒ To simulate the effect of transit time delays through the vasculature, saturation was exponentially smoothed to produce a 4-s delay relative to the peak flow. Finally, muscle SI was computed from blood volume and saturation according to Eq. I. Table 3 lists values for the key parameters in the base model. Also shown in Table 3 is the sensitivity of the computed peak postcontraction SI to small (1%) variations in these key parameters.
